The mechanisms controlling the distribution of radiocarbon over the deep Pacific are examined using, firstly, a simplified one and a half layer model and, secondly, an isopycnic circulation model with parameterised radiocarbon sources and sinks. Two mechanisms control the radiocarbon at depth: relatively fast, lateral transport of bottom waters determining the horizontal distribution and a slower balance between advection-diffusion and radio decay in the vertical. In the isopycnic model, there is a strong topographic control of the bottom water spreading, which is more complex than in the idealized model. Sensitivity studies reveal that altering the bottom intensified diapycnic mixing leads to significant changes in the radiocarbon distribution through both the direct diapycnic transfer and, indirectly, by modifiying the bottom water transport and northwards penetration of young radiocarbon waters.
Introduction
The deep Pacific ocean is a significant reservoir of carbon, the magnitude of which depends on the resident water masses, their rates of ventilation and the relative rate of regeneration of biogenic carbon. Changes in these physical properties and this large carbon reservoir could exert a significant control on the atmosphere-ocean partitioning of carbon. The ability of ocean models to simulate the deep carbon distribution has often been assessed by examining the accompanying radiocarbon distribution. Radiocarbon with a half-life of 5730 years can reveal aspects of the deep, large scale circulation where, perhaps, a steady state may be assumed. The GEOSECS surveys in the 1970's provided the first view of the global distribution of radiocarbon in the oceans [e.g. Ostlund and Stuiver, 1980] , which have been significantly augmented by the WOCE survey in the past decade [Key, 1996; Stuiver et al., 1996; Key et al., 1996 Key et al., , 2002 revealing in more detail the inter-basin gradients and patterns. However, in surface waters and the thermocline, the situation is complicated by the transient signature of bomb-radiocarbon entering the ocean from the atmosphere.
In this study we examine the mechanisms which control the distribution of radiocarbon in the deep waters of the Pacific basin. By comparing modelled and observed radiocarbon distributions we examine the deep circulation of the basin and mechanisms of ventilation.
We compare the distributions of radiocarbon with a complementary dynamical tracer, the large-scale potential vorticity. Potential vorticity is dynamically active and its distribution has been interpreted in terms of ventilation and eddy stirring processes for both the upper ocean [McDowell et al., 1982; Keffer, 1985] and deep ocean [O'Dwyer and Williams, 1997; Roussenov et al., 2002] .
We examine the sensitivity of the radiocarbon distributions to enhanced bottom mixing using, firstly, an idealised one and half layer model [Speer and McCartney, 1992] and, secondly, an isopycnic ocean general circulaton and tracer model. The isopycnic framework allows precise control on the mixing rates which are central to this study. Diapycnic mixing impacts the radiocarbon distribution both through a direct transport and indirectly 1 through its control on the large-scale overturning circulation. The weak stratification resulting from the enhanced bottom mixing might in reality be a consequence of enhanced mixing over rough topography [Polzin et al., 1997] or the action of weak geothermal heating possibly important in the North Pacific [Joyce et al., 1986; Talley and Joyce, 1992; Thompson and Johnson, 1996] .
Prior Models of Pacific Radiocarbon
Classically, the horizontal circulation in the deep Pacific is expected to be cyclonic for a flat-bottomed basin [Stommel and Arons, 1960] . However, with sloping sidewalls, an anticyclonic circulation can arise due to the horizontal divergence of fluid upwelling over a dome-shaped basin, called the "hypsometric effect" [Rhines and MacCready, 1989] ; this response was obtained by Ishizaki [1994] for a model study of the deep Pacific. However, the complex bathymetry of the deep oceans can prevent these idealized signatures from dominating the modelled circulation [Roussenov et al., 2002] .
In terms of previous model studies of the radiocarbon distribution, Fiadero [1982] Toggweiler et al. [1989] examined simulations of the pre-bomb ocean distribution of radiocarbon using coarse-resolution configurations of the GFDL ocean circulation model in the light of the GEOSECS data. The radiocarbon simulations demonstrate that a fully prognostic model better captures the observed tracer distribution than "robust diagnostic" models where temperature and salinity are restored towards observations in the models interior. In the robust diagnostic models the "oldest" Pacific waters are again incorrectly placed at the ocean floor, since incorporating artificial interior buoyancy sources 2 and sinks by restoring to temperature and salinity actually weakens the ventilation of the deep Pacific basin.
Recently, as part of the OCMIP (Ocean Carbon-cycle Model Intercomparison Project) study [Orr, 2002] , there has been a comparison of coarse-resolution model simulations of the global radiocarbon distribution. The models all show a radiocarbon gradient in the Pacific deep waters with "older" (more negative ¡ £ ) waters in the northern basin.
However, there is considerable variability in basin mean ¡ £ and the inter-basin contrasts due to the different model configurations, physical boundary conditions and subgridscale mixing coefficients. The sensitivity of the modelled radiocarbon distribution to each of these factors is not yet clear. In this study we examine how the radiocarbon distribution over the deep Pacific is controlled by the circulation and diapycnic mixing using an isopycnal model. Diapycnic mixing rates are most easily and precisely controlled in this framework and realistic topographic variations can be incorporated.
The observed distribution of radiocarbon and PV in the deep Pacific are described in Section 2. An idealized one and half layer model for the bottom water is applied to understand the radiocarbon distribution in Section 3. A more realistic isopycnic model and physical circulation is developed in Section 4, extending a previous modelling study for the deep Pacific by Roussenov et al. [2002] . The modelled radiocarbon and PV distributions are described in Section 5. The sensitivity of the model solutions to changes in bottom mixing is explored in Section 6, and the implications of the study are discussed in Section 7.
Observed distributions of radiocarbon and PV
Tracer distributions in the deep Pacific are strongly controlled by the overturning circulation, which is characterized by a northwards influx of bottom water, converted to lighter water and returned southwards at mid-depth. This transformation of bottom to deep waters is implicit in the northwards deepening and eventual grounding of the denser ¡ surfaces over the deep Pacific (Fig. 1a) . 
Radiocarbon
The first basin wide view of the distribution of radiocarbon in the deep Pacific came from the observations of the GEOSECS program in the 1970s, which were presented and interpreted by Ostlund and Stuiver [1980] and Broecker et al. [1985 Broecker et al. [ , 1995 . In the upper ocean, the observed distribution incorporates both natural (pre-anthropogenic, prebomb) and bomb-produced contributions, while in the deep, older waters it is generally assumed that the data reflect the "steady" pre-industrial distribution. A more detailed view of the radiocarbon distribution is now available through the observations from the World Ocean Circulation Experiment (WOCE) [Key 1996; Key et al. 1996; Stuiver et al. 1996; and Key et al. 2002] .
The radiocarbon distribution in the Pacific reflects the competition between the surface input and the influx in the deep waters from the Southern Ocean, the transport and the systematic decay of the tracer. A meridional section of ¡ £ along 170 W from an optimal interpolation of the WOCE data set [Key et al., 2004] reveals high concentrations in the surface ocean,
, partly reflecting the bomb source, and maximum concentrations in the upper ocean of the subtropical gyres at 35 N and 40 S (Fig. 1b) . These high concentrations in the upper thermocline probably reflect ventilation from the subduction of mode waters. At depth, there is a northwards transport of dense water, Lower in the mid-depths at 50 N with a northwards spreading plume along the western boundary (Fig. 2a, b ).
Potential Vorticity
To complement the radiocarbon distribution, we consider the distribution of the dynamic tracer, potential vorticity (PV) defined on the large scale as For the deep waters, the PV might be expected to increase polewards, reflecting the change in 0 , assuming that there are only slight changes in layer thickness. However, from the density section in Fig. 1a , there are significant changes in stratification and a general northwards increase in layer thickness over the deep waters for the North Pacific.
Consequently, maps of the PV for deep waters reveal a complex structure, rather than PV contours simply following latitude circles (Fig. 2c,d ) [O'Dwyer and Williams, 1997] .
There is a northwards decrease in the magnitude of the PV from the South Pacific, surface. In addition, over the western side of the South Pacific, both the radiocarbon and PV distributions show signals reflecting the northwards transport from the Southern Ocean (Fig. 2 ).
In addition, these maps of PV can be compared with the isopycnal maps of salinity, oxygen and silica on the Reid [1997] argued that the wind forcing influences the circulation over the water column for much of the North Pacific: flow is dominated by large anti-cyclonic gyres at mid latitudes in each hemisphere, contracting polewards at depth.
In the deep and bottom water, a western boundary current transports high oxygen and low salinity from the Southern Ocean at least as far as the mid latitudes in the North Pacific, while in the eastern interior, lower oxygen and higher silicate concentrations sug-gest a southward return flow from the Northeast Pacific.
We subsequently investigate how the radiocarbon distributions are controlled by the circulation using, firstly, a simplified one and half layer model together with vertical diffusion and, secondly, with an isopycnic general circulation model and examine the connection with the modelled PV distribution.
Idealised model of the bottom water
As a starting point, we assume that there are two regimes, horizontal and vertical with different controlling processes, determining the radiocarbon distribution. Firstly, a relatively rapid tracer transport in the bottom water on a timescale of 100 years. Secondly, a much slower, vertical balance involving vertical advection, diffusion and tracer decay on a timescale of several 1000 years. Accordingly, we construct a simplified model to represent these two balances and explore how the strength of diapycnic mixing affects each of them.
One and half layer model for an idealised northern basin
In order to understand the relationship between diapycnic mixing and the transport of bottom waters at a steady state, we consider an idealised one and half layer model for the bottom waters in a northern basin following Speer and McCartney [1992] . The model assumes there is a single moving layer of bottom water, which is overlain by a thick, motionless ocean. At a steady state, the vertical velocity at the interface is assumed to be entirely diapycnal. The model assumes that the basin is flat and square with a zonal width and north-south extent of extending from the equator into the northern basin to (Fig. 1a) . The diapycnic vertical velocity out of the layer is assumed to be constant in space and is diagnosed from (9).
The idealised model suggests that the thickness of the bottom layer decreases westwards and northwards over the interior of the northern basin (Fig. 3a) . If the diapycnic volume flux is increased, then the layer thins and grounds more rapidly westwards and northwards due to the transfer of mass into the overlying layer (Fig. 3b) . Thus, reducing the diapycnic volume flux leads to a greater northwards penetration of the bottom water over basin. Whether the layer actually grounds depends on the initial layer thickness ¡ on the equator and eastern boundary, the strength of the diapycnic volume flux, and size of the basin (Fig. 3a ,b).
While this solution for the layer thickness and accompanying flow field is over idealised through the lack of topographic variations and more moving layers, we expect that the sense of the relationship between layer thickness, grounding and diapycnic volume flux will still carry over for a more complex model (as investigated in Section 4).
Radiocarbon distribution
We now explore the implications of the variation in the bottom water transport for a tracer, ¢ , which is assumed broadly analogous to
. Here, we assume that there are two regimes. Firstly, in the bottom layer, the tracer is assumed to be controlled by the horizontal transport and the lateral boundary conditions, rather than by the decay. Hence, the tracer concentration in the modelled bottom layer can be solved from the tracer equation at a steady state,
In this highly idealized representation of the bottom waters the radio-decay is assumed negligible. Combining with (7) and (8) ) and the ¢ for the bottom layer from (12) at a height given by (6) and
agnosed from (9). In the vertical balance, the timescales are slower and the radio-decay makes a first order contribution. Thus, the one-dimensional solutions combined with the horizontal variations in the bottom layer leads to a plausible modelled meridional section with a mid-depth minimum at around 2 km (Fig. 4a,b ).
Altering the mixing in both the bottom layer transport model and the vertical advectivediffusive model in a consistent manner leads to opposing changes in the vertical profile 9 of radiocarbon (Fig. 4c ). An increase in the mixing leads to a reduction in The modelled radiocarbon distribution is subsequently examined in a more realistic setting after applying an isopycnic model to the Pacific, combined with an off-line radiocarbon model and examining its dependence on bottom mixing.
Physical model and the circulation

Formulation of model
The model experiments focus on the influx of dense fluid into a basin using an isopycnic model (MICOM 2.7; Bleck and Smith, 1990] . The model formulation is similar to that employed by Roussenov et al. [2002] , except with increased vertical resolution and layer Diapycnic transfer occurs throughout the domain and is necessary to provide a conversion of dense bottom water into lighter deep and intermediate water. Diapycnic fluxes are applied over the interior to compensate for the input of dense water from the southern relaxation zone. Additional diapycnic mixing is introduced between the deepest two interfaces in order to mimic enhanced bottom mixing and which eventually leads to a grounding of the bottom layer at about 20 N. The additional bottom mixing can either be viewed as a crude parameterisation of enhanced mixing over rough topography [Polzin et al., 1997] or mimicking the diapycnic transfer implied from geothermal heating which might be important in the North Pacific [Joyce et al., 1986] .
The overall effect of the diapycnic transfer can be considered in terms of an effective diapycnic diffusivity, § 
Since there are still few direct measurements of the diapycnic mixing rates in the ocean,
we include sensitivity studies on how the radiocarbon distribution is controlled by the bottom mixing. In addition, the isopycnic model employs isopycnic mixing and thickness diffusion (using a diffusive velocity of 0.5 cm s 
Model circulation and assessment a. Overturning circulation
At a steady state, there is a northwards transport of dense bottom waters, spreading over the bottom two model layers, reaching 22 Sv at 50 S (20 Sv in the bottom layer).
The transport of bottom water is progressively transformed to lighter fluid by the diapycnic mixing leading to dense interfaces deepening and eventually grounding over the northern basin (Fig. 5a , full lines). This conversion involves a combination of the background mixing (11 Sv) and the enhanced bottom mixing (9 Sv) at the bottom two interfaces 11 (Fig. 5a, arrows) . The lighter fluid eventually is returned to the southern relaxation zone ).
c. Bottom-water circulation
Incorporating realistic topography leads to a complex bottom circulation including the formation of topographic jets and flow bifurcations (Fig. 6b) . The modelled northwards transport of bottom water is carried principally by a deep western boundary current over the South Pacific, which reaches a maximum speed of 5-6 cm s Sv at 32 S from hydrographic data combined with an inverse model [Wijffels et al., 2001] and $ Sv from current moorings (from 2 km to the bottom) at 32 S [Whitworth et al., 1999] , 12 Sv at 12 S [Taft et al. 1991] , 11.7 Sv from 11 S to 17 S [Roemmich et al., 1996] In more detail, the modelled boundary current bifurcates at 18 S with a branch separating from the coast, propagating northeast and transporting 3 Sv around the Manihiki Plateau (160 W, 10 S) (Fig. 6b) . The main western branch transports 11 Sv in the Samoan and Tokelau Passages (west of 170 W, 10 S). There is a southward transport of about 1 Sv across 10 S in the easternmost part of the basin (east of 155 W). The model western boundary transport and the total northward transport of 13 Sv across 10 S are very close to the observed 12 Sv of bottom water at 12 S [Taft et al. 1991; Roemmich et al., 1996] and a maxmimum of 10.7 Sv in the Samoan passage [Rudnick, 1997] . Bottom currents eventually reaching the northern rim of the North Pacific are returned westward towards the western boundary.
Over the large scale, the modelled circulation does not appear to be either consistently cyclonic, as expected from Stommel and Arons [1960] for a flat-bottom ocean, or anticyclonic as expected from the "hypsometric effect" suggested by Rhines and MacCready [1989] . Thus, local changes in topography mask and obscure signatures of large-scale control of the horizontal circulation. The influence of the circulation patterns on the radiocarbon distribution is discussed next.
Radiocarbon model and tracer distributions
Formulation of model
The dynamical model reaches a steady state after about 500 years, where there is a balance between the dense water inflow and the diapycnic transformation to lighter waters.
The radiocarbon evolution takes much longer to reach a steady state due to the long half life of radiocarbon requiring a model integration of several thousand years. Consequently, for computational efficiency, the radiocarbon distributions are modelled in an off-line mode. The off-line model has the same resolution and topography as the on-line model, and is driven using the transports and model fluxes taken from the dynamical Radiocarbon is generally reported in terms of ¡ £ [Stuiver and Polach, 1977] . Rather than explicitly incorporate the biological carbon and radiocarbon pumps, we formulate an abiotic approach following the approach taken in the OCMIP studies [Orr et al. 2000 ].
However, this assumption neglects the biological input associated with dissolution of surface derived carbonate particles (either in the water column or on the bottom); Fiadero [1982] estimated that this source accounted for a 5% contribution for . The off-line tracer equations are integrated for 5000 years and there are only relatively minor changes between years 3000 and 5000.
Vertical structure for radiocarbon
After 5000 years, the modelled radiocarbon distribution reproduces the general character of the observations: high surface values over the main thermocline,
, an influx of lower values in the bottom waters from the southern boundary,
and a mid-depth minimum at 2 km in the North Pacific north of 40 N, Fig. 7a) . There is good agreement between the meridional variation in ).
An observed west-east section of ¡ £ reveals the northwards flux of LCDW linked to the western boundary with young values (Fig. 8a) . The return flow of NPDW with old values appears to be concentrated into two cores at depths centred on 2500 m: one which is over the western Pacific and a second which abuts the western slope of South America.
The eastern core is also seen in silicate [Key, 2001] and, perhaps, is also consistent with diagnostics of a southwards transport of NPDW across 10 N east of 115 E [Johnson and Toole, 1993] .
In comparison, the model reveals the northwards influx of young ¡ £ in the bottom waters along the western boundary (Fig. 8b) . There is reasonable agreement between the modelled and observed tracer values for the bottom waters, but disagreement for the lighter layers (along
) along the western and eastern boundaries (Fig. 8c) . This disagreement is principally due to the modelled northwards influx of young ¡ £ being too restricted to the bottom waters and the southwards outflux of deep waters being concentrated in the western boundary, rather than within the central part of the basin or the eastern boundary as in the observations. In comparison, the observations reveal a similar northwards plume of high radiocarbon along the western side of the Pacific for the deep and bottom waters (Fig. 2a,b) ; ), which is northwest to southeast in the observations, but more uniform or directed southwest to northeast in the model.
Horizontal structure of radiocarbon
However, it is unclear whether this model-data difference is significant, since there is little data there and comparable differences are formed using different mapping algorithms for the data.
Relationship between radiocarbon and PV distributions
In comparison, the model distributions of PV are evaluated, where the PV is based on a layer version of (1) surface, the most striking signal is the much weaker contrasts in PV over the North Pacific and the PV contours become more inclined away from latitude circles over the western side of the South Pacific (Fig. 9d) , which is also seen in the data (Fig. 2c,d ).
The extensive region of low and nearly uniform PV over the North Pacific is explained in terms of an influx of fluid into the isolated northern basin from across the equator together with enhanced bottom mixing [O'Dwyer and Williams, 1997; Roussenov et al. 2002] . Alternatively, this signal of low PV might result from geothermal heating leading to a weakening in stratification [Joyce et al., 1986] .
The radiocarbon and PV distributions offer complementary views of the deep circulation.
Their patterns do not directly reflect each other, so one tracer is not a redundant proxy for the other tracer, but there are some similarities in their patterns given the controlling influence of the background circulation.
Over the South Pacific, the radiocarbon distribution reflects the influence of the western boundary current transport with the orientation of the tracer contours changing from being aligned southwest/northeast for the deep waters (Fig. 9a) to northwest/southeast for the bottom waters (Fig. 9b) . The PV has a similar pattern in the bottom waters, but only a limited signal of the southwards transport in the western boundary in the deep waters (Fig. 9c) . Since the North Pacific is a more isolated basin, there are generally weaker tracer contrasts, than in the South Pacific. (Fig. 9a) , while PV is more uniform for the layer within which the bottom water spreads northwards into the basin (Fig. 9d) .
The different signals in the radiocarbon and PV distributions might partly reflect how the radiocarbon only depends on the circulation in a particular layer, whereas the PV depends on the separation of layer interfaces, which are directly connected to the flow in the neighbouring layers.
Model sensitivity to bottom mixing
Recent observations indicate increased rates of diapycnic mixing towards the bottom of the ocean and over rough topography [Polzin et al., 1997] . In addition, geothermal heating can weaken the stratification and alter the deep transports; Adcroft et al. [2001] find that including 50 mW m ¢ ¡ of geothermal heating increases the deep Indian-Pacific circulation by 1.8 Sv. The inclusion of bottom intensified mixing improves the hydrographic structure in idealized models of the deep Pacific basin [Roussenov et al., 2002] , but is not usually applied in ocean tracer models.
In the previous idealised model, we explored the sensitivity of the transport and radiocarbon distribution to mixing given several simplifying assumptions, such as a flat bottom, no tracer decay in the bottom water and no horizontal transport within the ocean interior.
The role of mixing is now re-examined using the more realistic circulation model.
Dynamical response of hydrography
Firstly, we consider how altering the diapycnic mixing changes the volume fluxes and hydrography within the dynamical model. Secondly, we consider how changes in diapycnic mixing alter the radiocarbon distribution, both passively from the diffusion of radiocarbon and dynamically from the tracer transport.
In these sensitivity experiments, the bulk diapycnic diffusivity, § is altered from the standard value of 0.7 cm . We refer to these as the "undermixed" and "over-mixed" cases respectively. In these dynamical integrations, increases in mixing rate alter the structure of the bottom waters ( Fig. 10a) : there is a more rapid northwards deepening of the dense ¡ surfaces for stronger mixing and flatter surfaces for weaker mixing.
The different choices in bottom mixing alters the strength of the bottom water source, as well as the detail of the meridional fluxes within the bottom two layers (Fig. 10b) . At 50 S, the meridional flux in the bottom layer increases from 20 Sv for the standard case to 22 Sv in the over-mixed case and decreases to 18 Sv in the under-mixed case. However, the greater diapycnic transfer causes the meridional flux to decrease northwards more rapidly for the over-mixed case, than for the under-mixed case. Consequently, the bottom flux and supply of bottom waters reaching the North Pacific is greater in the under-mixed case, than the over-mixed case (despite the bottom water source at the southern boundary being larger for the over mixed case). These different volume fluxes alter the volume of the bottom layer, and hence alter the surface area of the overlying interface over the 20 North Pacific (Fig. 10c) . In the under-mixed case, the interfaces of the bottom waters are flatter, while in the over-mixed case, the interfaces ground further south and there is less bottom water in the North Pacific (Fig. 10a) . Thus, the area-averaged diapycnic flux is much greater for the under-mixed case in the North Pacific and occurs higher up the water column, than for the over-mixed case.
Sensitivity of radiocarbon distributions
We now discuss sensitivity experiments with enhanced or weakened diapycnic mixing For a strengthening in the diapycnic mixing, there is an overall increase in the ¡ £ over the northern basin (Fig. 11a,b ) due to the greater diffusive supply from the surface and bottom water. For a weakening in the diapycnic mixing, there are different results according to whether the accompanying bottom water transport is altered (Fig. 11c,d ). If the bottom water transport is unchanged, the mid-depth minimum in ¡ £ progressively decreases as the supply of tracer is reduced (Fig. 11c,e) . However, if the bottom water transport is allowed to alter with a weakening in diapycnic mixing, then there is younger (less negative ¡ £ ) waters in the northern basin (Figs. 11d,f) . This surprising signal is due to there being a greater northwards extent of the radiocarbon-rich, bottom waters for weak mixing (Fig. 10a ).
In the bottom water, the modelled meridional distribution of
is optimal for our default choice of mixing and the agreement with the observations is degraded by either decreasing or increasing the diapycnic mixing (Fig. 12 ). In the overlying water, such as This compensation is not captured in the idealized model.
Conclusions
The radiocarbon distribution provides a useful tool to understand the deep ocean and the model representation of the transport and ventilation processes. In this study, the radiocarbon distribution in the deep Pacific is simulated, firstly, using a one and half layer (Fig. 3 right panel) . Different choices of the diapycnic volume flux are included: 13 Sv (dashed line), 10 Sv (full line) and 7 Sv (dotted line). Note how a decrease in the diapycnic volume flux leads to a higher concentration of the tracer below 3 km. distribution is after 5000 years off-line integration and the PV after 500 years online integration. The model solution reveals weaker meridional contrast in PV across the northern basin for the denser surface, which is broadly in accord with the diagnostics from the climatology (Fig. 2c,d ). 
